Introduction
There are relatively few reports in the literature focusing on negative laboratory leaders.
Most of the reports focus exclusively on the simpler positive laboratory leader that is more commonly encountered in high voltage engineering [Gorin et al., 1976; Les Renardieres Group, 1977; Gallimberti, 1979; Domens et al., 1994; Bazelyan and Raizer 1998 ]. The physics of the long, negative leader and its positive counterpart are similar; the two differ primarily in their extension mechanisms [Bazelyan and Raizer, 1998 ]. Long negative sparks extend primarily by an intermittent process termed a 'step' that requires the development of secondary leader channels separated in space from the primary leader channel. Long positive sparks typically extend continuously, although, under proper conditions, their extension can be temporarily halted and begun again, and this is sometimes viewed as a stepping process. However, it is emphasized that the nature of positive leader stepping is not like that of negative leader stepping.
There are several key observational studies of the propagation of long, negative-polarity laboratory sparks in air that have aided in the understanding of the stepping mechanisms exhibited by such sparks [e.g., Gorin et al., 1976; Les Renardieres Group, 1981; Ortega et al., 1994; Reess et al., 1995; Bazelyan and Raizer, 1998; Gallimberti et al., 2002] . These reports are reviewed below in Section 2, with emphasis placed on the stepping mechanism (the space stem, pilot, and space leader). Then, in Section 3, reports pertaining to modeling of long negative leaders are summarized.
Overview of Long Negative Leaders
The negative polarity discharge begins at the cathode with the formation of corona streamers (filamentary channels of low conductivity) [Loeb and Meek, 1941; Raether, 1964 ] that begin when one or more free electrons appear near the cathode and within the volume (called the critical volume by Gallimberti [1979] , and the ionization zone by Bazelyan and Raizer [1998]) where the convergent electric field is on the order of 30 kV cm -1 or more. The initial free electrons are produced by any of several processes, such as, photoionization, radioactive decay, and cosmic rays. The field value at which breakdown occurs, or the inception field, generally depends on the electrode geometry, the gap distance, and the ambient air pressure [e.g., Peek, 1929 ; Les Renardieres Group, 1972] . Similarly, the inception voltage, defined as the voltage at which the first corona streamer burst appears, is to some extent random, and it depends on the voltage rise time and the electrode geometry [Bazelyan et al., 1961; Les Renardieres Group, 1981] .
The initial free electrons gain more energy from the electric field than they lose through interactions with the gaseous medium of the gap, causing them to accelerate away from the cathode. As the electrons gain energy, they generate additional electrons via impact ionization.
These new electrons experience a similar acceleration and energy gain, thereby generating new electrons, resulting in electron avalanche breakdown. Electron emissions from the cathode occuring via ion impact or photo ionization generate further electron avalanche breakdown.
Additionally, depending on the gaseous medium, a wide range of chemical reactions can occur that have influence on the ion and electron density. Detailed descriptions of the chemistry of corona streamers can be found in the literature [e.g., Gallimberti, 1979; Les Renardieres Group, 1981; Wang and Kunhardt, 1990; Alexandrov and Bazelyan, 1996; Marrow and Lowke, 1997; Alexandrov and Bazelyan,1999; Nudnova and Starikovskii, 2008; Winands et al., 2008; Nguyen et al, 2010] .
Corona streamers consist of thousands of electron avalanches that extend to several tens of centimeters to meters in length [e.g., Les Renardieres Group, 1981; Reess et al., 1995] . The mean charge injected into gaps by the first corona bursts ranges from 10 -7 to 10 -6 C [e.g., Les
Renardieres Group, 1981; Ortega et al., 2005] . The corona streamers push electrons from the vicinity of the electrode, and build up a positive space charge which produces a field reduction [e.g., Trichel, 1938; Les Renardieres Group, 1981] . Under certain conditions, the build up of positive space charge near the cathode cause the negative corona streamers to develop in a pulsed manner (Trichel pulses) with a frequency on the order of tens to a hundred MHz [Trichel, 1938; Reess et al., 1995] . Bazelyan et al. [1961] As long as the applied voltage is sufficiently high (the level depends on the gap geometry and the gas-medium thermodynamics), the corona streamers will continue to develop, forming a current that will cause the gas temperature to increase as a result of the Joule heating. The next step in the leader formation is the development of one or more 'stems' (sometime called space stems if they form unattached to an electrode). Reess et al. [1995] performed an observational study of space stem formation in discharges in a 1.3 m point-to-plane gap, which is summarized in the following text. Reess et al. [1995] observed that the first space stems form in the vicinity of the cathode (where negative corona streamers previously formed) with the inception of retrograde positive streamers from luminous spots that apparently contain excess positive ions.
The luminous spots correspond to the branching points of the original negative corona streamers.
The retrograde positive streamers contact the cathode and bring forward the cathode's potential, and supply the stem with new electrons. The newly supplied electrons allow the formation of new negative streamers from the space stem that extend further into the gap. Reess et al. [1995] determined that about 300 nC of charge must be transferred to the stem before new negative streamers can develop. In the new corona streamers, new space stems form at the branching points. Retrograde positive streamers again extend toward the cathode from these new space stems (and through the previous space stem and positive streamers), in effect 'moving' the space stem further into the gap in an intermittent manner. This sequence occurs every few hundred nanoseconds [e.g., Gorin et al., 1976; Reess et al., 1995] . The space stem and its associated positive and negative streamers is sometimes called a 'pilot' [Bacchiega et al., 1994] . Les
Renardieres Group [1981] , Ortega et al. [1994] , and Reess et al [1995] all report a similar 'equivalent velocity' for the space stem motion of 1 x 10 6 m s -1 .
The corona streamer currents that are rooted at the stem region (estimated to have a volume of about 1 cm 3 by Gorin et al. [1976] ) increase the local thermal energy, producing significant effects, including: (1) a temperature increase of the gas and plasma by Joule heating from about 300 K to 1500 K, (2) a hydrodynamic expansion and reduction in gas density, (3) a increase in the reduced electric field (the electric field normalized to the density of neutral particles), (4) a sharp increase the conductivity of the stem, and (5) an increase in the electric field at the stem tips. When the temperature in a stem reaches a critical temperature of about 1500 K, there is a sudden and significant increase in the electron density due to negative ions abruptly releasing their captured electrons. This sudden release of electrons results in an abrupt and large increase in the space stem plasma conductivity. The larger increase in plasma conductivity marks the transition of the space stem to a space leader
The space leader elongates bi-directionally from a space stem's location. The upper tip of the space leader is positively charged, and it extends toward the cathode. The bottom tip of the space leader is negatively charged, and it extends into the gap. The longitudinal current in the space leader is confined to a diameter between 0.5 mm and a 4 mm (the current diameter increases in time due to hydrodynamic expansion). Ortega et al. [1994] , studying negative discharges in a 16.7-m gap, observed that the space stem became a space leader when it was typically between 1.4 to 2.2 m in front of the cathode or primary leader channel. It can be presumed that the space leader will be unable to form in gaps shorter than 1.4 m. The number of steps in Ortega et al.'s 16.7-m gap ranged from 4 to 7, which is higher than the number steps than was observed by Les Renardieres Group [1981] in 5 and 7 m gaps, 2 to 5 steps. Ortega et al. [1994] observed that for identical air conditions, the leader-path length increases with the time to peak of the voltage impulse, and they noted a linear correlation between the number of steps and gap length. Ortega et al. [1994] observed in their streak photographs that the elongation of the leader channel with each step ranged from 1 to 5 m, and the time between elongations (the completion of steps) ranged from 10-50 µs. They did not find relationship between the step length and interstep times, but instead noted that the times at which steps occur are 'quite random'. In a "withstand" case, they observed that the discharge ended with a space stem and space leader that failed to produce a new step. Simultaneous UV and IR photomultiplier measurements revealed that IR emission occurs only during restrikes (the connection of space leader and primary leader), while UV emission occurs throughout, most notably between restrikes when primarily streamers are propagating. They observed space leaders forming in series to produce a longer step, and in parallel to produce branching. Further, their observations indicated that for a space stem to become a space leader, an addition space stem 'downstream' must develop. Ortega et al. [1994] gave estimations of the elongation speeds for the primary leader and space leader, and the propagation speed of the space stem, when the overall leader was less than 5 m in length. The speed estimations were apparently made from still photographs obtained with an image converter camera, but the rate at which the photographs were obtained is not stated.
The primary leader extended with an estimated mean speed in the range of 1.3 to 2.8 x 10 4 m s -1 .
The cathode-directed end of the space leader (upper, positively charged end) extended with an estimated mean speed between 3.2 and 4.9 x 10 4 m s -1 . The anode-directed end (bottom, negatively charged end) extended with a slower mean speed, between 1.2 and 2.9 x 10 4 m s -1 .
When the positive end of the space leader merges with the cathode a wave carrying the higher cathode potential travels to the negative end of the space leader (forming a "step"), where it creates a relatively large corona streamer burst that contributes to production (heating and charging) of the following step.
Ortega et al. [1994] observed using a shunt in the high-voltage electrode a current pulse with a peak current ranging from 100 to 600 A was associated with each leader step, although they noted that the peak current may have been restricted by the external circuit. The values of peak current did not show a trend from step to step. A step formed by a single space leader will produce a narrow, unipolar current pulse. A step formed by two or more space leaders will produce a multi-peaked, unipolar pulse with a considerably longer width. In Figure 9 of Ortega et al. [1994] , it appears that there is a current peak for each space leader that contributes to a Ortega et al. [1994] extended the work of Les Renardieres Group [1981] in relating the potential of the space stem just before space leader inception, U SS , to the voltage at the leader inception from the high voltage electrode, U 1 . The value of U SS was calculated using the following relation:
where U P is the peak high voltage electrode potential, L -is the length of the negative (primary) leader, L S+ is the length of the positive corona streamers connecting the space stem to the negative leader, E L-is the electric field in the negative (primary) leader (determined graphically from Figure 6 .5.2 in Les Renardieres Group [1981] ), and E S+ is the electric field of the positive corona streamers (assumed to be 500 kV m -1 ). The values of U 1 (the cathode potential at leader inception time) and U SS increase with increasing distance between the high-voltage electrode or space stem and the ground plane (anode), D SS , according to the following relation.
1-2
The similarity between U 1 and U SS is an indication that the leader inception from the high voltage electrode is preceded by the formation of a stem on the electrode surface (as opposed to a space stem), as Bacchiega et al. [1994] observed. Equation 1-2 is probably only valid for gaps larger than 2 m, since the space leader apparently cannot form in much smaller gaps [Ortega et al., 1994] .
Ortega et al. [1994] , from the strioscopic measurements, observed that when the leader channel first forms (which they report happens 'quasi-instantaneously'), its diameter is 2 mm, and the diameter increases to 8 mm prior to the final jump. The spark channel is about 2.5 cm in diameter when the current is between 10 and 15 kA. The channel remains hot for some tens of milliseconds.
With a description of the space stem and space leader in hand, we describe schematically in Figure 1 the spatial and temporal development of the long negative laboratory leader during its extension from the cathode, and before the final jump. The diagram in panel A of Figure 1 illustrates the streamer zone containing a pilot of a negative laboratory leader several microseconds after its initiation from the high-voltage electrode, as first described by Gorin et al.
[1976]: (1) primary leader channel that grows from the negative high-voltage electrode, (2) leader tip, (3) positive streamers emanating from the space stem to the primary leader channel, (4) space stem, and (5) negative streamers emanating from the space stem into the gap. Note that the streamer zone extends from the primary leader channel intermittently [e.g., Reess et al., 1995] . interpreted via streak photography, with the cathode current is shown below ( Figure 1C ). The cathode is at the top, and the leader develops downward toward a grounded plane. The processes identified by numbers 1 through 5 in Figure 1B correspond to the descriptions for Figure 1A .
The primary leader tip extends quasi-continuously down curve 2 in Figure 1B . The space stem moves along the negatively sloped dashed line labeled 4, and the distance between the primary leader tip and space stem increases with time. The space stem's temperature and conductivity [1976] .
suddenly increase, causing the stem to become a space leader (6) that develops bi-directionally.
Note that one or more space stems can form ahead of (below) the space leader. When the positive end (top) of the space leader merges with the negative leader tip (at 7), the higher potential of the leader channel is transferred to the negative end of the space leader (bottom), followed by a burst of negative corona streamers (8). At this point, current and luminosity waves propagate up the leader channel, and the leader step has completed its extension of the primary leader channel. The spark propagation continues in the corona created at 8 with the space stem that begins the next leader step. Current pulses in the grounded electrode are associated with each step, shown in panel C of Figure 1 .
In long negative laboratory discharges, the negative leader connects to the ground plane (anode) via an upward positive connecting leader in the so-called final jump phase. According to Les Renardieres Group [1981] , who give the most detailed observational description of the final jump phase, there are three types of final jump mechanisms. In type A, negative corona streamers from a space stem make first contact with the ground plane. Then, the space stem accelerates toward the anode. When the space stem touches the anode, it initiates from the ground plane an upward positive connecting leader that connects to the primary negative leader channel. In type B, a space leader develops between the primary downward negative leader and the upward positive connecting leader. The presence of the space leader alters the characteristics of the upward positive connecting leader. Finally, in type C, which is similar to type A, the burst of negative corona streamers following the connection of a space leader to the primary negative leader channel reaches the anode. An upward positive connecting leader develops toward the negative leader without the presence of a space stem (as was the case for type A).
Les Renardieres Group [1981] observed that, for negative discharges in a 7-m gap, the upward positive leader ranged between 0.7 to 3 m, or 10 to 45% of the gap distance. The duration of the final jump phase is on the order of a few μs, which is shorter than the final jump phase in positive laboratory discharges. Based on the presence of channel loops, Ortega et al.
[1994] inferred that the length of the upward positive connecting leaders were about 4 m, or about 24% of the gap length (16.7 m). Les Renardieres Group [1981] found that the type A mechanism almost always occurs in gaps of 2 m. For a gap length of 7 m, the type B and type C mechanisms occurred most often. They also found that the height of the final jump mechanism was higher for voltage rise time to crest shorter than the critical value.
Finally, it was been recently discovered [Dwyer et al., 2005] that laboratory sparks produce x-ray emission that is similar to the x-ray emission observed from lightning. Dwyer et al. [2005] observed x-rays from positive and negative discharges in a 2-m point-to-plane gap, as well as the gaps in the Marx generator. The deposited x-ray energy ranged from 660 keV to 1.8
MeV for positive discharge, and from 56 keV to 520 keV for negative discharges. The lower energy deposition by negative discharges indicates that negative discharges produce softer (lower energy) x-rays, or they emit fewer x-rays that do positive discharges. The x-ray bursts occurred prior to the high-current arc when the electric fields were highest.
Modeling Long Negative Laboratory Leaders
There are only a handful of reports in the literature describing attempts to model the initiation and propagation of long negative laboratory leaders. This section presents summaries of the most relevant reports that have been identified.
Les Renardieres Group [1981]
Les Renardieres Group [1981] is a comprehensive observational study of the long negative laboratory discharge in gap lengths of 2, 4, 5 and 7 m with different electrode geometries (cone and rod). They give detailed observations of breakdown parameters, first and second corona streamers forming at the cathode, the leader phase which includes the space stem and space leader, and the final jump. They also present strioscopic and spectroscopic measurements of the discharge processes. They give many empirical expressions, although the scatter in the data from which these expressions are derived tends to be significant, which indicates, as they noted, that there is no 'typical' discharge. Some modeling results are presented, although the modeling itself is not described adequately. A hydrodynamic model is formulated using energy and momentum conservation equations to model the dynamics of neutral species in the leader channel.
Les Renardieres Group [1981] contains a number of 'sub-reports' by various authors that discuss specific aspects of the long negative laboratory discharge. A sub-report authored by proposes a model to describing the streamer development from the space stem. In their model, the space stem is approximated by two spheres of different size that are separated by a short distance. Each contains a uniform charge distribution, one being positive, and the other being negative (and having more overall charge than the positive sphere). This geometrical configuration essentially approximates the space stem as an uneven electric dipole, which allows for easy calculation of the electric field, and an estimation of the charges involved in the process.
Rizk [1989]
Rizk [1989] [1974] and Pigini et al. [1979] . [1995, 1996a, 1996b, 1997] Fofana and Beroual have published a series of detailed and well written papers in which they develop a positive polarity discharge model utilizing a distributed RLC circuit that yields the potential drop along the leader channel, the power and energy injected into the gap, and the leader charge, current, and development speed. [1995] develop an equivalent electrical network of RC nodes to model the evolution of voltage, current, and charge of positive laboratory leaders subjected to an oscillatory voltage impulse. The number of RC nodes is equal to the total leader length (to be simulated) divided by the desired step length. Each RC node has a switch, and in the model the leader growth is 'forced' by closing these switches successively. The time between switch closings is the leader length (arbitrarily set) divided by the leader propagation speed. The modeled voltage generator is described in detail, and an RLC circuit is described that can produce a bi-exponential impulse with superimposed oscillations. The leader resistance is assumed to be constant and uniform. In order to calculate the per unit length capacitance, it is assumed that the foregoing streamers at the leader tip and the ground electrode are solid angles of two concentric spheres. As the leader extends, the distance between the two concentric spheres decreases, so the per unit length capacitance increases with leader length. The model appears to reproduce well characteristics (voltage, current, total charge) of discharges documented in Ortega et al. [1991] and Ortega [1992] , although the comparison of the model predictions and observations is inadequately described. [1996a] derive an equation relating the leader development speed to the fraction of input energy that is 'kinetic', i.e. grows the leader channel. Such an equation allows one to model leader channel growth based on the power yielded by an RLC distributed circuit model. It is assumed that the leader radius and temperature are constant, and that the leader pressure is in equilibrium with the ambient air. The equation includes a factor to describe what fraction of the total input energy is spent growing the leader channel, and this factor is determined by calibration with experimental observations. [1996b] develop what they term a "whole discharge" model that represents with a distributed RLC circuit the positive polarity leader development, final jump, and return stroke. The new distributed circuit model is an extension of their previous RC circuit model that incorporates their leader extension speed model. First corona and streamers are not parts of the model. The distributed circuit provides at each model step the charge, the potential drop along the leader channel, the power and energy injected into the gap, and the leader velocities. The applied voltage impulse is the same bi-exponential with adjustable rise time, fall time, and time to half value, that is used in Fofana and Beroual [1995] . The per unit length resistance during the leader phase is calculated assuming the channel is cylindrical with uniform current. The leader conductivity is taken from measurements by Les Renardieres Group [1977] , and the channel radius is deduced from experimental data with which the model is tested. For the return stroke per unit length resistance, the cylindrical channel radius is assumed to be constant, and the conductivity is calculated using a relation given by Gallimberti [1979] . The leader inductance is neglected. For the return stroke, both the internal and external inductance (per unit length) are calculated geometrically under the assumption that the channel is cylindrical with uniform current. The model is tested by comparing its predictions with two laboratory sparks: one in a 10 m gap reported in Les Renardieres Group [1977] , and the other in a 16.7 m gap reported in Domiens [1987] . For both cases, the model reproduces the observations well both in shape and amplitude. [1997] presents the same model as their 1996b paper with several key additions, including: (1) The value of resistance per unit length is made time varying by making the leader cross sectional area vary in time and by making the leader conductivity dependent upon current. (2) The direction of the leader propagation is random. (3) The corona streamers at the leader tip are taken into account. The electric field at the cathode, the front of corona streamers, and the front of leader tips is estimated using a hyperboloidal approximation (an inverse logarithmic relationship of electrode radius and gap length) [Hutzler and Hutzler, 1982] .
Fofana and Beroual

Corona inception from the cathode is determined by Peek's formula, which is a function of pressure, temperature, and the electrode radius of curvature. The electric field in the corona region is considered to be constant [e.g., Gallimberti, 1979; Goelian et al., 1997] . The length of the first corona is determined by the intersection of the voltage profiles before and after the corona development. The first corona is then allowed to grow until the hyperboloidal field falls below the critical field for propagation.
A leader will grow in length, either from the cathode, the cathode leader (the primary leader connected to the cathode) or the space leader tips, if the field at the leader's tip is greater than the critical field. The field at the leader tip (hyperboloidal) is adjusted for the presence of corona streamers, and the leader radius is calculated using an empirical relationship proposed by Hutzler and Hutzler [1982] . The growth of leaders is governed by leader propagation velocity which is determined by the air density and the power injected to the leader head by the streamers, where the power is derived from the voltage and current determined by the RLC circuit. The propagation velocities of the positive and negative ends of the space leaders are different (positive is faster).
The following list is a summary of how the per unit length values of RLC for each process are determined.
• Streamer resistance: assumed to be the ratio of the electric field to the current flowing through all of the streamers. The value of the streamer electric field is assumed to be 1.5 MV/m.
• Leader resistance: non-LTE, controlled by ohmic heating and gas dynamic expansion, time-varying. Leader is cyclindrical with conductivity related to current and cross section.
• The leader resistance during final jump: drops sharply, described by a relation given by Gallimberti [1979] which depends on the channel resistance prior to the attachment.
• Channel resistance during 'return stroke': channel radius is kept constant by a balance of magnetic and kinetic forces, conductivity proportional to T 1.5 .
• Inductances: end effects are ignored. The per unit length is approximated by familiar logarithmic equations which include external and internal inductance. Same calculation is used for all processes.
• Capacitance: calculated from a spherical approximation that depends on the voltage and distance to the ground plane.
Aleksandrov and Bazelyan [1996]
Aleksandrov and Bazelyan [1996] model the propagation of long positive streamers in air.
Their model is based on the Poisson equation and continuity equations for charged particles (electrons, positive and negative ions) and neutral active particles (excited neutrals). Interactions accounted for by the model include: electron impact ionization, dissociative and three-body attachment of electrons to molecules, electron detachment from negative ions impacting other particles, excitation and quenching of electronically excited molecules, electron-ion and ion-ion recombinations, and photo-ionization. A total of 20 species were included, with 120 collisional processes that are important on short time intervals (about 10 -6 s). Modeling is done for the case that the streamer radius is fixed, and for the case when the streamer radius is allowed to expand (due to increasing ionization radius and radial (transverse) component electric field.
Aleksandrov et al. [1997]
Aleksandrov et al. [1997] develop a kinetic model for the ionization processes in hightemperature air in a strong electric field. The model was used to study numerically the problem of the relaxation of the plasma properties in atmospheric-pressure air to a new steady state following an instantaneous change in the gas temperature between 300 and 1600 K. The main purpose of the paper was to estimate the response time for the leader plasma to clarify the dominant mechanisms of electron generation and loss in the leader channel, thereby allowing the electric field in the leader to be related to the gas temperature. Modeling indicates that the reduced electric field decreases with increasing leader temperature.
Aleksandrov and Bazelyan [2000]
Aleksandrov and Bazelyan [2000] investigate step propagation in positive streamers in electronegative gases using a 1.5-D numerical model. The model was previously used in Aleksandrov et al. [1995] , and Aleksandrov and Bazelyan [1996] . In the model, the streamer radius is constant and given a priori. The plasma parameters are averaged over the streamer cross section, and radial processes, such as diffusion, are neglected. The model is based on the solved numerically using finite differences with an adaptive grid.
Alexandrov et al. [2001]
Alexandrov et al. [2001] examine the time evolution of the plasma parameters in a crosssection of plasma parameters of long leaders in air, such as the channel temperature, electric field, reaction rates, electron densities, and channel radius. They perform time-dependent modeling with allowance for the time-varying energy deposition in the leader channel, the channel expansion, and the non-equilibrium ionization kinetics in the plasma. In order to simplify the modeling, the evolution of the leader is modeled in two different phases: the initial phase and the main phase. The initial phase is the initial heating of the leader within about 10 cm of the leader head, which lasts for about 10 µs, and is governed primarily by processes occurring on times scales on the order of 10 -7 s. The main phase beings about 30 cm from the leader head, where the channel reaches a temperature around 6000 K. The main phase describes the channel evolution from about 30 µs after inception to 10 ms, and is governed by slower processes, such as the radial cooling of the channel through molecular heat conduction.
Gallimberti et al. [2002]
Gallimberti et al. [2002] summarizes many of the fundamental physical processes involved in the long air gap discharge, including the first ionization process, the first corona streamer inception, the formation of a stem, and the subsequent space leader. Many physical equations are given with which the processes can be discretised for modeling purposes. Much of the material focuses on positive discharges and is adapted from Gallimberti [1979] , a paper that reviews nearly every aspect of the positive-polarity discharge and spark. In later sections of Gallimberti et al. [2002] (Section 3.6), the processes specific to the negative discharge are discussed, and much of this discussion appears to come from Bacchiega et al. [1994] . The following is a summary of the key physics identified in Gallimberti et al. [2002] .
When the electric field exceeds a critical value in the active region (the region in which the electric field is at or above the critical value), electron avalanche breakdown will occur following the appearance of seed electrons. The seed electrons can be produced by many processes, such as photoionization, radioactive decay, or cosmic rays. The inception of corona requires that the number of ions produced by electron avalanche breakdown exceed a minimum value, N crit . The number of ions is governed by the ionization and attachment coefficients, which themselves depend on the electric field. The minimum electric field, E i , required to bring the ion number above N crit can be determined using Peek's equation [Peek, 1929] given by:
where E 0 is the breakdown field (typically 3 MV m -1 ), δ is the relative air density, R eq is the equivalent radius of curvature of the electrode, and K and M are empirical constants (different forms of Peek's equation are used in different reports). Equation 2-1 is apparently valid for both positive and negative breakdown. Note that the value of E 0 can decrease for longer air gaps (greater than a few mm), where there is more distance for the electrons to gain energy.
A corona streamer consists of two regions: the streamer head, and the streamer channel.
The streamer head, also called the active region, is where the electric field is greatest. Most of the ionization processes and luminous emissions occur in the streamer head. The streamer head has the following characteristics:
• it contains a net electrical charge
• its molecules have a rotational temperature not exceeding 330 K, and a vibrational temperature of 1000 K (vibrational temperature has a longer relaxation time)
• its electron energies are in the range of 5 to 15 eV
• it has an average electric field strength of 10 to 15 MV m -1
• it has a head radius ranging from 10 to 30 µm, and an electron density on the order of
The streamer channel is where a conduction current exists that carries free electrons towards (for positive polarity) or away from (for negative polarity) the electrode. The streamer channel has the following characteristics:
• a radius on the order of 10 to 30 µm and an electron density (in short gaps) between 10 19 and 10 21 m -3 . The electron density can be much lower in long gaps where electron-electronegative attachment processes can play a more significant role.
• an electronic conduction current flowing in a resistive regime, I = πa 2 σE.
The photons emitted by electron transitions (decays) in excited molecules produces, by photo-ionization, secondary electrons around the streamer head which lead to new avalanches if the electric field is suitable.
Equations are given in Gallimberti et al. [2002] to determine the number of ions in the streamer head as a function of voltage, position (in one dimension), streamer head radius, and energy loss and gain coefficients. Equations are given to determine the stability field in corona streamers, which is constant. The resulting potential profile (linear) can be compared to the precorona potential profile to determine the streamer extent, which is from the high-voltage electrode to the point where the two profiles intersect. The area between the two potential profiles is proportional to the streamer charge.
The next process of the discharge is the development of a pilot. The pilot forms at the root of the corona discharges and leads to the space stem. For the negative discharge, in which electrons move towards the cathode (away from the leader tip), the corona root is located ahead of (and separately from) the leader tip. The opposite is true for the positive discharge; the electrons flow away from the anode (away from the leader tip), and the root is essentially colocated with the anode or leader tip. Gallimberti et al. [2002] refer to the model given by Bacchiega et al. [1994] b) The linear potential distribution after corona streamers have formed (the electric field is assumed to be constant in the corona streamers). The length of the corona streamers extends from the cathode to the intersection of curves a and b.
c) The potential distribution during the relaxation process, where the front of the corona streamers has increased in potential relative to the surrounding plasma and gas.
d) The potential distribution after space stem formation at the intersection of c and d. Here the electric field increases sufficiently to form two corona streamers of opposite polarities. The electric field in these corona streamers is assumed to be constant, which results in the linear potential profile. This process is modeled using a distributed RLC circuit with varying resistance determined by the ionic densities. It should be noted that in the model formulation of Bacchiega et al. [1994] , the positive and negative streamers in the pilot begin simultaneously, which contradicts the observations of Reess et al. [1995] , which show that the positive streamers supply the space stem with the negative charge needed to launch new negative corona streamers.
The corona streamer currents converge on the stem region and increase the local thermal energy, producing significant effects, including:
• a temperature increase of the gas and plasma by Joule heating from about 300 K to 1000 K.
• a hydrodynamic expansion and reduction in gas density
• an increase in the electron detachment of the negative ions due to the increase in temperature and reduced electric field
• a sharp increase the conductivity of the stem
• an increase in the electric field at the stem tips These effects make possible the start of a second corona to drive the leader advancement.
Typically the stem will move away from the cathode, and subsequent pilots will form downstream or in parallel (two or more pilots exist simultaneously). When the temperature in the stem reaches a critical temperature of 1500 K, negative ions abruptly release their captured electrons. This causes a large and abrupt increase in the plasma conductivity, and the formation of a space leader.
The space leader appears as a thin luminous channel connecting corona regions to the high-voltage electrode. The leader cross-sectional area increases in time, and the longitudinal current is confined to a diameter between 0.5 mm and a 2-4 mm. Leader diameters are larger in longer gaps since there is more time for hydrodynamic expansion. The average electric field along the leader channel has been estimated to be on the order of 10 5 V m -1
, and it decreases with leader length. The ratio of light to current is essentially constant for all wavelengths.
Gallimberti et al. [2002] then notes that mathematical models of the leader channel are very complex since they must incorporate thermodynamic and hydrodynamic process along with electrical processes. They point to a model developed by Braginskii [1958] in which the leader channel is represented by a thin core with constant thermodynamic properties, and a dense thin shell with varying properties.
The leader evolution is modeled assuming that the stem consists of three types of particles: electrons, ions, and neutral particles. Conservation of mass, momentum, and energy are invoked to describe the evolution of each species (specific ion, molecule, etc) along with the field and current density equations. The generalized systems are given for each conserved quantity. The temperature evolution of the stem is computed by solving two balance equations for thermal enthalpy and one for vibrational energy of gas molecules.
The extension speed of the leader is the ratio of the current to the per-unit-length charge needed for leader advancement, the latter of which is measured to range from 30 to 50 µC m -1 .
A system of energy conservation equations are used to derive expressions for the leader velocity and leader charge, and the Schokley-Ramo theorem is used to determine the leader current.
Morrow and Blackburn [2002]
Marrow and Blackburn [2002] calculate the details of streamer propagation over a 50 cm point to plane gap. The model they used was previously described in Marrow and Lowke [1979] .
The modeling is based on continuity equations for electrons, positive ions and negative ions, coupled with Poisson's equation. The continuity equations account for impact-ionization, attachment, recombination, diffusion, and photoionization. Their modeling indicates that streamers will only extend to a length that is equivalent to the applied voltage divided by the critical electric field, which they assume is 3 MV m -1 .
Rakotonandrasan et al. [2008]
Rakotonandrasana et al. [2008] model the long negative discharge using a RLC equivalent electrical network that predicts the spatial and temporal evolution of spark current, power, energy, and velocity. The model is based on a similar RLC model for long positive discharges [Fofana and Beroual, 1996] . The Rakotonandrasana et al. model describes the different processes of propagation, such as the first corona, the pilot (the space stem and its cathodedirected positive leaders and anode-directed negative leaders), the space leader, and the junction of the space leader to the primary leader, and the final jump. At any given time step in the model, each process of the discharge is represented by RLC equivalent circuit with appropriate parameters (e.g., the resistance per unit length of a streamer is different than that of a leader).
The impulse voltage applied is described by a bi-exponential equation with adjustable rise time, fall time, and amplitude factor. The model inputs are the applied voltage waveform, the geometry of the electrodes, and the ambient air pressure and temperature.
The spatial location of the space stem, and thus the origin of the space leader is governed by the power injected at the head of the corona streamers, and the power is computed from the voltage and current determined by the RLC circuit. The direction of propagation is determined by a probabilistic law determined by Hutzler and Hutzler [1982] which assumes that the leader path should become more random (less axial) in a lower electric field. This aspect of the model is not well described.
Once the space leader attaches to and extends the cathode leader, corona streamers develop from the newly formed leader tip. The length of the streamers is determined by the same method as the first corona; graphical intersection of the potential before and after the leader forms. The transition from the free development phase to the final jump phase (attachment) occurs with the overall leader height is below the height to which an upward positive leader should form, the later being determined by an empirical relationship.
The model is tested for two experimentally observed cases, a 7-m discharge from Les Renardieres Group [1981] , and a 16.7-m discharge from Ortega et al. [1994] . The model reasonably reproduces the overall features of the breakdown, such as the number of space leaders, and the overall gap traversal time. The model under-predicts the amount of current and apparent charge, especially for the 16.7-m discharge. The model shows promise, although it could probably use some refinement, and a more detailed description. More comparisons should be made to other observed discharges.
